A novel reactive technique has been employed to fabricate 2.0 mass%TiB 2 /70Si-Al composite. The growth behavior of primary Si phase in the 2.0 mass%TiB 2 /70Si-Al composite was investigated when the composite was heated in its semi-solid state. Both theoretical and experimental results have shown that the in-situ TiB 2 particles can refine effectively the primary Si phase and restrain the Si phase growth. The coarsening rate constant of the 2.0 mass%TiB 2 /70Si-Al composite was calculated as 3:69 Â 10 À18 m 3 /s, which is less than that of 70Si-Al alloy (7:6 Â 10 À17 m 3 /s), suggesting that the in-situ TiB 2 particles can effectively pin the grain boundaries and arrest the migration of liquid film when the composite was heated in its semi-solid state.
Introduction
Si-Al alloys with silicon contents up to 70 mass% have been identified as attractive candidate materials for electronic packaging applications due to their low coefficient of thermal expansion (CTE), high thermal conductivity, and low density. [1] [2] [3] [4] [5] To prevent the cracking and poor integrity existed often in casting Si-Al alloys, spray forming technique has been developed for the manufacture of bulk Si-Al alloys. So far, a series of Si-Al alloys with silicon contents up to 70 wt% have been developed in Osprey Metals Ltd. 6, 7) However, some problems, such as the size uniform of primary silicon phase, have not been solved by using this technique. 8, 9) Obviously, the primary Si phase with larger size is easy to crack along its crystal plane, which is harmful to the packaging properties of the spray-formed Si-Al alloys. On the other hand, spray-formed alloys are normally considered as candidate feedstock materials for semi-solid processing (SSP) because of their fine, nondendritic microstructures. However, the coarsening velocity of the primary Si has not been retarded effectively when the spray-formed Si-Al alloys are reheated in their solid-liquid phase region.
More recently, the present authors have developed novel reactive and spray forming technique. 10) In this technique, the matrix material is first melted, and then the reinforcements are in situ formed in the molten alloy by chemical reactions between elements or between the elements and the ceramic compounds. Our previous results have showed that the in-situ Al 2 O 3 , TiC, TiB 2 particles not only can improve the strength and modulus of aluminum alloys due to higher hardness and modulus of the particles, but also can refine effectively the grain of the aluminum alloys.
11) It is noteworthy that the in-situ particles can also retard grain growth when the aluminum alloys are heated in their solidliquid phase region. The aim of this work focuses on the effect of in-situ TiB 2 particles on the microstructure of spray-formed 70Si-Al alloy including the refinement of the primary Si phase and the grain growth behavior of the primary Si phase heated in its semi-solid state.
Experimental
2.0 mass%TiB 2 /70Si-Al composites were prepared by reactive and spray forming. The TiB 2 particles were introduced into the alloy by the displacement reaction between the molten alloy and halide salts composed of K 2 TiF 6 and KBF 4 . The melt was atomized with high-purity Ar gas and deposited on a carbon steel substrate which positioned 600 mm below the atomization nozzle. Atomization pressure was set at 0.6 MPa, and a delivery tube diameter of 4 mm was used.
The phase identification of samples was characterized by X-ray diffraction (XRD) with a Rigaku diffractometer using CuK radiation (40 kV/25 mA). The specimens (10 mm Â 10 mm Â 10 mm) were reheated at 600 C for various time from 10 to 60 min, and then quenched in water at 20 C immediately. The specimens were etched by Keller's reagent (2.5% HNO 3 , 1.5% HCl and 1% HF in water). The microstructures of reheated specimens were characterized using Neophot-2 optical microscopy and ZEISS SUPRA55 scanning electron microscope (SEM) and JEOL JXA-8100 electron probe micro-analyzer (EPMA). An image analyzer was used to measure the mean sizes of the primary Si phase using a mean line incept method defined as
where L is the overall length of measured lines used in the software. N is the number of grain boundary intercepts on each line counted. For each sample, measurements were taken from the whole sectioned area excluding close to the edges, with 200-400 intercepts.
Results and Discussion
Figures 1(a)-(d) show typical microstructures and XRD patterns in the top and bottom of the spray-formed 2.0 mass%TiB 2 /70Si-Al composite billet, respectively. One can see that the distribution of the TiB 2 particles in the billet is good. Both specimens consist of Si, Al and TiB 2 , suggesting that spray forming technique is beneficial to improve the distribution of the TiB 2 particles in the 2.0 mass%TiB 2 /70Si-Al composite.
Figures 2(a) and (b) show typical SEM micrographs of asdeposited 70Si-Al alloy and 2.0 mass% TiB 2 /70Si-Al composite respectively, which are mainly composed of primary Si (dark gray), -Al (light gray) and primary Si (dark gray), -Al (light gray), TiB 2 particles (bright) respectively. Comparing Fig. 2(a) with Fig. 2(b) , one can see that the primary Si phase is effectively refined by adding 2.0 mass% TiB 2 in the 70Si-Al alloy. The TiB 2 particles are mostly with a hexagon shape and with a mean particle size of 1.5 mm, as shown in Fig. 2(c) . The reasons why the TiB 2 particles can effectively refine the primary Si phase may be attributed to the following factors. First, the presence of the TiB 2 particles increases the nucleation kinetics of primary Si phase by increasing the density of nuclei in the melt, which is beneficial to the formation of fine primary Si phase. Second, the surface-active TiB 2 particles are pushed onto the solid/ liquid interface front and enriched at the primary Si boundaries during solidification, which obstruct solute redistribution and refine the primary Si phase.
Figures 3(a)-(f) present the microstructures of as-deposited 70Si-Al alloy (Fig. 3(a) , (c), (e)) and 2.0 mass% TiB 2 / 70Si-Al composite (Fig. 3(b) , (d), (f)) reheated at 600 C for 0, 1800 and 3600 s, respectively. One can see that the primary Si phase in the alloy coarsens with increasing holding time. The average size of the primary Si phase in the alloy was 60.1 and 69.5 mm when they were heated at 600 C for 1800 and 3600 s respectively. While the coarsening rate in the composite is noticeably lower than that of the matrix alloy. The average size of the primary Si phase in the composite was 35.7 and 36.9 mm when they were heated at the same condition.
As we all know, semi-solid grain coarsening is a two-phase coarsening process. The driving force for the process is the decrease of total interfacial energy. The typical behavior was described by the Lifshitz-Slyozov-Wagner (LSW) theory suggested initially by Greenwood, 12) and later developed independently by Lifshitz, Slyozov, 13) and Wagner. 14) The simple LSW analysis was given by:
where d d 0 is the initial equivalent particle diameter of solid particles, d d the equivalent particle diameter of solid particles after coarsening time t, K the coarsening rate constant, and t the coarsening time. Figure 4 shows the curves of average size of primary Si vs. holding time at 600 C for the as-deposited 70Si-Al alloy and 2.0 mass%TiB 2 /70Si-Al composite. In order to evaluate coarsening rate constants of the alloy and composite, the cube of the measured primary Si size, d d 3 , was plotted as a function of the holding time, as shown in Fig. 5 . The calculated values of the coarsening rate constant, K (m 3 Ás À1 ), are also shown in Fig. 5 . Obviously, the composite exhibited a higher thermal stability than that of the matrix alloy. This is due to TiB 2 has high melting point (2980 C) and thermodynamic stability. Moreover, the TiB 2 particles distributed mostly at the boundaries of primary Si phase (Fig. 6) can effectively pin the primary Si phase and arrest the migration of liquid film 15) formed in the semi-solid state of the composite. Hence, the growth of primary Si phase in the composite is retarded due to the formation of the in-situ TiB 2 particles.
Conclusions
(1) The primary Si phase in the spray-formed 70Si-Al alloy can be refined significantly by adding 2.0 mass%TiB 2 particles to the matrix alloy. The mean size of primary Si phase in the spray-formed 70Si-Al alloy and 2.0 mass% TiB 2 /70Si-Al composite were 60.1, 69.5 mm and 35.7, 36.9 mm respectively when they were heated at 600 C for 1800 and 3600 s respectively.
(2) The coarsening rate constant of 2.0 mass%TiB 2 /70Si-Al composite was 3:69 Â 10 À18 m 3 /s, which is less than that of 70Si-Al alloy (7:6 Â 10 À17 m 3 /s). This is due to the in-situ TiB 2 particles located at the primary Si boundaries can effectively pin the primary Si and arrest the migration of liquid film formed in the semi-solid state of the composite. 
